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Characterization of the Human Hair
Keratin–Associated Protein 2 (KRTAP2) Gene Family
Hiroki Fujikawa1,2, Atsushi Fujimoto1,2, Muhammad Farooq1, Masaaki Ito2 and Yutaka Shimomura1
Hair keratin–associated proteins (KRTAPs) are one of the major structural components of the hair shaft.
Approximately 100 KRTAP genes have been identified in humans to date, with each of the genes classified into a
number of families based on their sequence homology and the nature of the repeat structures. The biophysical
features of KRTAPs, however, have remained largely unknown. In this study, we investigated the characteristics
of the human KRTAP2 family members at the DNA, RNA, and protein levels. We initially found that these genes
had various size polymorphisms that were mainly due to differences in the length of the 30-noncoding
sequences. Reverse transcriptase–PCR experiments further detected the presence of KRTAP2 transcripts in
plucked human hairs. Using indirect immunofluorescence with an anti-KRTAP2 antibody, we found that there
was a predominant expression of the KRTAP2 proteins in the keratinizing zone of the human hair shaft cortex. In
addition, we showed that the KRTAP2 proteins interacted with each other and preferentially bound to hair
keratins, but not to epithelial keratins. Finally, we determined that the head domain of the hair keratins was
essential for the affinity to KRTAP2 proteins. Our results further enhance the crucial roles of KRTAPs in hair shaft
keratinization in humans.
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INTRODUCTION
The hair shaft is a highly keratinized tissue produced within
the hair follicle (HF). Morphologically, hair shafts share a
common structural organization in which a multicellular
cortex is encased in a cuticular layer of flattened cells, often
with a medulla layer that is centrally located within the
cortex. The major structural components of the hair shaft are
hair keratins and their associated proteins (KRTAPs; Shimomura
and Ito, 2005; Rogers et al., 2006). The hair keratins form
intermediate filaments (KIFs) in the cytoplasm of trichocytes,
which are a specific cell population that gives rise to the
central hair-forming compartment. As the trichocytes in the
cortex move upward, the KIFs gradually aggregate, with each
KIF surrounded by an amorphous space called the matrix.
The KRTAPs, which are also known as KAPs, are a major
component of the matrix that is found between the KIFs. It has
been suggested that KRTAPs have a role in the formation of
the rigid hair shaft by establishing a crosslinked network with
the KIFs (Powell and Rogers, 1997). However, the biophy-
sical characteristics of the KRTAPs have yet to be completely
clarified.
KRTAPs are encoded by a large number of multigene
families that are generated by gene-duplication events during
their evolution. The KRTAP genes, in general, consist of a
single exon of less than 1,000 bp. During the past decade,
numerous KRTAP genes have been identified from humans
and other mammalian species. KRTAPs have been classified
into three groups based on their amino acid composition:
high sulfur (o30mol% cysteine content), ultrahigh sulfur
(430mol% cysteine content), and high glycine/tyrosine
(Powell and Rogers, 1997). To date, KRTAPs have been
subdivided into more than 30 distinct families (KRTAP1-n,
KRTAP2-n, KRTAP3-n, etc.; Rogers and Powell, 1993; Powell
and Rogers, 1997; Rogers et al., 2001, 2002; Wu et al.,
2008). In humans, five clusters of KRTAP genes, which
include approximately 100 individual KRTAP genes, have
been characterized on chromosomes 11p15, 11q13, 17q12-
21, 21q22.1, and 21q23, respectively (Rogers et al., 2001,
2002, 2004; Shibuya et al., 2004; Yahagi et al., 2004).
Studies of specific KRTAP gene families have shown that the
cluster harboring five high-sulfur (KRTAP1–3, 16, and 29) and
three ultrahigh-sulfur (KRTAP4, 9, and 17) families are
located on chromosome 17q12-21 (Rogers et al., 2001; Wu
et al., 2008). Most of the KRTAPs in this cluster typically
contain a high degree of double cysteine–containing penta-
peptide repeat structures (Rogers et al., 2001). We previously
reported that differences in the length of the sequences
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encoding the cysteine-rich repeat segments in the human
KRTAP1 and KRTAP4 genes are the basis of the various size
polymorphisms that are observed (Shimomura et al., 2002;
Kariya et al., 2005). These results led us to postulate that the
other KRTAP gene families in this cluster may also possess
size polymorphisms.
In this study, we investigated the human high-sulfur
KRTAP2 gene family, which resides between the KRTAP1
and KRTAP4 gene clusters on chromosome 17q12-21. Our
analyses revealed the existence of extensive size polymorph-
isms in the KRTAP2 genes. In addition, examination of the
expression and function of the genes further suggested that
there was involvement of the KRTAP2 members in the hair
shaft keratinization in humans.
RESULTS
Identification of size polymorphisms in the KRTAP2 genes
The human KRTAP2 family consists of a total of four
functional genes (from KRTAP2-1 to KRTAP2-4) and one
pseudogene (KRTAP2-5P). These are all located between the
KRTAP1 and KRTAP4 family gene clusters on chromosome
17q12-21 (Figure 1a). To determine whether the KRTAP2
genes have size polymorphisms, we performed PCR ampli-
fication of the four functional KRTAP2 genes using the DNA
of 100 Japanese and 50 Caucasian control individuals as
templates, as well as gene-specific primers (Supplementary
Table S1 online). PCR for both the KRTAP2-1 and KRTAP2-3
genes amplified a single fragment (520 and 530bp, respec-
tively) in all of the control individuals analyzed (data not
shown). By contrast, we identified several size polymorph-
isms in the KRTAP2-2 and KRTAP2-4 genes (Figure 1b). PCR
amplification for the KRTAP2-2 gene showed three distinct
fragment sizes, 511, 526, and 616 bp, respectively (Figure
1b). The pedigree analysis demonstrated that these size
variants segregated as a normal Mendelian trait (Supplementary
Figure S1 online). Direct sequencing analysis of the amplified
fragments showed that the 511-bp product corresponded
to the KRTAP2-2 gene, which has been registered in the
NCBI GenBank (NM_033032). The sequence of the 526-bp
fragment, which we termed KRTAP2-2v1, was identical to
that of the KRTAP2-2 with the exception of a 15-bp insertion
within the coding region that led to an insertion of five amino
acid residues (CCRPP) at the protein level (Figure 1c and
Supplementary Figure S2a online). The 616-bp product,
designated as KRTAP2-2v2, possessed the same 15-bp
insertion within the coding region (Figure 1c and Supple-
mentary Figure S2a online). Furthermore, it also had a 90-bp
insertion within the 30-noncoding region, which was com-
pletely identical to the 90-bp sequence just downstream of
the stop codon (Figure 1c and Supplementary Figure S2a
online). The Japanese population carried the KRTAP2-2v1
allele at the highest frequency (0.48), whereas in the
Caucasian population the KRTAP2-2v2 was the most
prevalent allele (0.58; Table 1).
PCR amplification of the KRTAP2-4 gene showed a single
fragment of 551 bp in 90 of the 100 Japanese control
individuals and in 44 of the 50 Caucasian control individuals.
The sequence for this fragment coincided with that of the
KRTAP2-4 gene (NM_033184). However, there were other
individuals who exhibited longer heterogeneous products
that were 641, 656, or 731 bp in size (Figure 1b). These size
variants segregated following a normal Mendelian trait
(Supplementary Figure S1 online). Although coding sequences
of all three of these products were completely identical, the
length of the 30-noncoding region varied between the products.
The 641-bp product, which we designated as KRTAP2-4v1,
contained a 90-bp insertion within the 30-noncoding
sequence (Figure 1c and Supplementary Figure S2b online).
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Figure 1. Identification of size polymorphisms in the human hair
keratin–associated protein (KRTAP)2 genes. (a) Physical map of the human
KRTAP2 genes on chromosome 17q12-21. Direction of the genes is indicated
by the black arrows. (b) PCR amplification of the KRTAP2-2 (upper panel) and
the KRTAP2-4 (lower panel) genes in nine Japanese (J1–J9) and nine
Caucasian (C1–C9) individuals. (c) Schematic representation of the KRTAP2-
2, KRTAP2-4 genes, and their size polymorphisms. The 15-bp (base pair)
insertion into the open reading frame (ORF) of the KRTAP2-2v1 and the
KRTAP2-2v2 alleles is indicated by the green boxes and black arrows.
Insertion into the 30-untranslated region (30-UTR) is indicated by the yellow
boxes. Asterisks and black dots indicate the sequence identity. MWM,
molecular weight markers.
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The 656-bp product, designated as KRTAP2-2v2, had a 105-
bp insertion, which was identical to the last 105-bp sequence
of the coding region and was located just downstream of the
stop codon (Figure 1c and Supplementary Figure S2b online).
Finally, the 731-bp product, which we termed KRTAP2-4v3,
had a 180-bp insertion within the 30-noncoding sequence
(Figure 1c and Supplementary Figure S2b online). Allele
frequencies indicated that all of these size polymorphisms of
the KRTAP2-4 gene were rare in both populations (Table 1).
Expression of transcripts of the KRTAP2 gene variants
in human hairs
To investigate the follicular expression of the KRTAP2 genes
at the mRNA level, we performed reverse transcriptase–PCR
using total RNA from freshly plucked HFs of one of the
Japanese subjects (J1). We confirmed that this subject was
heterozygous for KRTAP2-2-v1/KRTAP2-2-v2 and KRTAP2-4/
KRTAP2-4v3 at the genomic DNA level (Figure 1b). Because
the KRTAP2 genes consisted of only one exon, care was taken
to eliminate any traces of the genomic DNA from the
follicular RNA samples by digestion with DNase I. These
results demonstrated that all four of the KRTAP2 genes
were abundantly expressed in the plucked human hairs
(Supplementary Figure S3 online). Two well-separated
cDNAs were amplified in the PCR for the KRTAP2-2 and
KRTAP2-4 genes, demonstrating that the transcripts of the
KRTAP2 gene variants were stably expressed (Supplementary
Figure S3 online).
Self-interaction characteristic of the KRTAP2 protein and its
predominant expression in the keratinizing zone of the human
hair shaft cortex
To examine the KRTAP2 members at the protein level, we
generated expression constructs for the KRTAP2-1 protein, as
the amino acid sequences for this protein have a 95%
homology with all of the other KRTAP2 family members
(Supplementary Figure S4 online). In the first step of the
process, we overexpressed hemagglutinin (HA)-tagged
KRTAP2-1 protein in human embryonic kidney (HEK)293T
cells, and then performed a western blot (WB) analysis using
an anti-HA antibody under either nonreducing or reducing
conditions (Supplementary Figure S5 online). A strong signal
at around 18 kDa in size was detected for both conditions.
However, the intensity during the reducing condition was
higher than that observed with the nonreducing condition
(Supplementary Figure S5 online). This fragment was
predicted to be a monomer of the KRTAP2-1 protein. In
addition, WB in the nonreducing condition showed a smear
above the molecular weight of 36 kDa (Supplementary Figure
S5 online). This 36-kDa fragment was faintly observed even
during the reducing condition (Supplementary Figure S5
online). These preliminary data suggested the possibility of
self-interaction between the KRTAP2-1 proteins. To prove this
hypothesis, we performed co-immunoprecipitation (co-IP)
assays between HA-tagged KRTAP2-1 and Flag-tagged
KRTAP2-1 (Figure 2a), as well as glutathione S-transferase
(GST) pull-down assays between GST-KRTAP2-1 fusion protein
and HA-tagged KRTAP2-1 (Figure 2b). Both assays clearly
demonstrated that the KRTAP2-1 proteins were capable of
interacting with each other.
As a next step, we investigated the expression of the
KRTAP2 proteins in human hair shafts using an anti-KRTAP2
antibody, as this could recognize all four KRTAP2 members.
WB of the lysate from the hair shafts showed a fragment of
high intensity at around 16 kDa in size, which corresponded
to an estimated molecular weight of the native KRTAP2
proteins (Figure 2c). Furthermore, indirect immunofluores-
cence with the antibody revealed that the KRTAP2 proteins
were predominantly expressed in the keratinizing zone of the
hair shaft cortex (Figure 2d).
Specific affinity of the KRTAP2 protein for hair keratins in vitro
We investigated the interaction between the KRTAP2 and
hair keratin proteins by conducting co-IP experiments in
HEK293T cells. These in vitro experiments showed that the
KRTAP2-1 protein could bind to two type II hair keratins, K85
and K86, as well as one type I hair keratin, K34 (Figure 3a, b).
By contrast, the KRTAP2-1 protein was not able to bind to
epithelial keratin 10 (K10), although it did exhibit a strong
affinity to K86 under similar experimental conditions (Figure
3c). Furthermore, the KRTAP2-1 protein did not bind to the
HF-specific epithelial keratin 71 (K71) (Figure 3d) or to b-
actin, which is a non-KIF component that is abundantly
expressed in HEK293T cells (Figure 3e). Taken together, these
results demonstrated that there was a specific interaction
between the KRTAP2-1 protein and hair keratins.
K86 binds to KRTAP2-1 protein via its head domain
It is well known that all keratin proteins are composed of
three domains: the N-terminal head domain, the central rod
domain, and the C-terminal tail domain. To determine which
domain in the hair keratins is essential for binding to the
KRTAP2-1 protein, we generated a series of expression
vectors for truncated K86 proteins (Supplementary Table S2
online), and then performed co-IP and GST pull-down assays
(Figure 4). The co-IP experiments showed that, similar to the
full-length K86 protein, only the truncated K86 protein
containing the head domain was co-immunoprecipitated
with HA-KRTAP2-1 (Figure 4a). Consistent with the results of
the co-IP experiments, the GST pull-down assays also clearly
Table 1. Allele frequencies of the size polymorphisms
of KRTAP2-2 and KRTAP2-4 genes
Allele frequencies
Allele Japanese Caucasian
KRTAP2-2 62 (0.31) 20 (0.20)
KRTAP2-2v1 96 (0.48) 22 (0.22)
KRTAP2-2v2 42 (0.21) 58 (0.58)
KRTAP2-4 190 (0.95) 94 (0.94)
KRTAP2-4v1 2 (0.01) 4 (0.04)
KRTAP2-4v2 0 (0.00) 2 (0.02)
KRTAP2-4v3 8 (0.04) 0 (0.00)
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demonstrated that only the head domain of K86 showed an
affinity to HA-KRTAP2-1 (Figure 4b). On the basis of these
data, we concluded that K86 protein binds to KRTAP2-1
protein via its head domain.
DISCUSSION
We have previously shown the existence of size polymorph-
isms in the human KRTAP1 and KRTAP4 gene families. These
variations were due to differences in the lengths of the
sequences that encoded the cysteine-rich repeat structures
(Shimomura et al., 2002; Kariya et al., 2005). These results
led us to search for size polymorphisms in the other human
KRTAP families. Because the KRTAP2 genes are located
between the KRTAP1 and KRTAP4 genes (Figure 1a), we
hypothesized that the KRTAP2 genes would also exhibit size
polymorphisms. Indeed, our present studies did demonstrate
that in two out of the four KRTAP2 genes examined, KRTAP2-
2 and KRTAP2-4, there were extensive size polymorphisms in
both the Japanese and the Caucasian populations (Figure 1
and Supplementary Figure S1 online). Similar to the size
polymorphisms in the KRTAP1 and KRTAP4 genes, those in
the KRTAP2-2 also showed a variation in the sequences
encoding the cysteine-rich pentapeptide structure, CCRPP
(Supplementary Figure S2a online). The KRTAP2-2 gene
resides next to the KRTAP2-1 gene (Figure 1a) and thus was
most likely generated by a gene-duplication event of the
KRTAP2-1. On the basis of the generation seen for the
KRTAP2-2 gene, it can be speculated that size polymorph-
isms probably arose via intragenic duplication events that
occurred during the evolution of the human genome.
Interestingly, the frequencies of the polymorphic alleles of
the KRTAP2-2 show differences between the two populations
analyzed (Table 1). The predominant allele of the KRTAP2-2
gene seems to be KRTAP2-2v1 in the Japanese population
and KRTAP2-2v2 in the Caucasian population (Table 1). This
suggests that these intragenic duplication events may have
occurred more frequently in the Caucasian versus the
Japanese population.
In the KRTAP2-4 gene, we detected a total of three size
polymorphisms, KRTAP2-4v1, KRTAP2-4v2, and KRTAP2-4v3
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Figure 2. Characterization of human hair keratin–associated protein (KRTAP)2-1 protein. (a) Co-immunoprecipitation (co-IP) assays between the hemagglutinin
(HA)-KRTAP2-1 and Flag-KRTAP2-1. After IP was performed with anti-HA agarose beads, western blots (WBs) were performed using either anti-Flag or anti-HA
antibodies. (b) Results of glutathione S-transferase (GST) pull-down assays. GST-KRTAP2-1 and HA-KRTAP2-1 proteins were overexpressed in competent
cells and human embryonic kidney (HEK)293T cells, respectively. Subsequently, these proteins were then used for the pull-down assays with Glutathione
Sepharose beads. (c) WBs with the anti-KRTAP2 antibody. The antibody specifically recognized the HA-KRTAP2-1 protein, which was overexpressed in
HEK293T cells, as well as the endogenous KRTAP2 proteins in human hairs. As there were 17 additional amino acid residues at the N terminus of the
HA-KRTAP2-1 protein, this led to a larger product as compared with the native KRTAP2 proteins. (d) Indirect immunofluorescence analysis of the human
hair follicle section using anti-KRTAP2 antibody. KRTAP2 is predominantly expressed in the keratinizing zone of the human hair shaft cortex. Counterstaining
with 40,6-diamidino-2-phenylindole is shown in blue. Bar¼100 mm.
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(Figure 1 and Supplementary Figure S1 online). All of these
size polymorphisms were detected in the 30-noncoding
sequences (Figure 1c and Supplementary Figure S2b online),
which, similar to the KRTAP2-2 gene, were most likely
generated through intragenic duplication events. These
findings further highlight the unique characteristics of the
human KRTAP genes. It is noteworthy that the KRTAP2-4v2
was only detected in the Caucasian population, whereas the
KRTAP2-4v3 was only found in the Japanese population
(Table 1). This suggests the existence of population-specific
size polymorphisms in the KRTAP2-4 gene. Reverse tran-
scriptase–PCR experiments showed that these polymorphic
variants of the KRTAP2 genes were stably expressed in human
hair (Supplementary Figure S3 online), which indicates that
differences in the length of the 30-noncoding sequences do
not affect expression at the mRNA level.
At present, only three human KRTAP gene families have
been shown to carry size polymorphisms. However, it is quite
possible that the other KRTAP gene families may also have
various size polymorphisms. Once all the polymorphisms in
the KRTAP genes have been clarified, it may very well turn
out that distinct patterns of size polymorphisms in the KRTAP
genes may have a role in determining hair texture differences
between individuals and populations (Rogers and Schweizer,
2005).
Although KRTAPs at the genomic DNA and mRNA levels
have been clearly described, their characteristics at the
protein level have yet to be fully disclosed. Therefore, this
study analyzed the features of the KRTAP2 members in detail.
Our findings demonstrated that these KRTAP2 proteins are
capable of interacting with each other (Figure 2a, b and
Supplementary Figure S5 online). Furthermore, we also
showed that the KRTAP2 proteins were predominantly and
abundantly expressed in the keratinizing zone of the human
hair shaft cortex (Figure 2d). This expression pattern is
consistent with that reported for the KRTAP2-4 transcripts
(Rogers et al., 2001). In addition, it has been previously
shown that several hair keratins, such as K85, K86, and K34,
are also abundantly expressed in the keratinizing zone of the
hair shaft cortex (Langbein et al., 1999, 2001). These results
led to our further investigating the potential interaction
between KRTAP2 and hair keratins. Co-IP assays clearly
showed that the KRTAP2-1 protein was capable of binding to
these hair keratins in vitro (Figure 3a, b). By contrast, the
K85
Flag-KRTAP2-1
+
+
75 kDa
75 kDa 75 kDa K71
(anti-K71WB)
(anti-HA WB)
K85
Flag-K34
Flag-K10 +
– –
– – –
–
–
+ +
+
++
+ –+
+
––
+ +
+ +
+
Flag-K86 K71
Flag-K86
Flag-K86
Flag-K86
Flag-K86
Flag-K10
Flag-K34
Flag-K86
Flag-K34
HA-KRTAP2-1
K85 (anti-K85 WB)
(anti-Flag IP;
anti-K85 WB)
(anti-Flag IP;
anti-Flag WB)
Flag-KRTAP2-1
(anti-Flag WB)
Flag-KRTAP2-1
60 kDa 75 kDa
50 kDa50 kDa
40 kDa
40 kDa
30 kDa
30 kDa
20 kDa
20 kDa
20 kDa
20 kDa
75 kDa
HA-KRTAP2-1 (anti-Flag IP;
anti-HA WB)
(anti-Flag IP;
anti-Flag WB)
(anti-HA IP;
anti-Flag WB)
Anti-HA
IP
(anti-HA IP; anti-HA WB)
(anti-Flag WB)
(anti-Flag WB)
HA-KRTAP2-1 (anti-HA WB)
50 kDa
50 kDa
50 kDa
37 kDa
37 kDa
37 kDa
37 kDa
25 kDa
25 kDa
25 kDa
20 kDa
25 kDa
15 kDa
15 kDa
15 kDa
75 kDa
20 kDa
50 kDa β-Actin
(anti-β-actin WB)37 kDa
25 kDa
15 kDa
Cell
lysate
Cell
lysate
Cell
lysate
Cell
lysate
Anti-HA
IP
Cell
lysate
50 kDa
–
+
– –
––
–
–
–
+
+ + +
+
HA-KRTAP2-1 HA-KRTAP2-1
HA-KRTAP2-1
HA-KRTAP2-1
(anti-HA WB)
HA-KRTAP2-1
HA-KRTAP2-1
HA-KRTAP2-1
(anti-HA WB)
a
c d
e
b
Figure 3. Hair keratin–associated protein (KRTAP)2-1 protein specifically binds to hair keratins in vitro. (a) Co-immunoprecipitation (co-IP) between Flag-
KRTAP2-1 and K85. (b) Co-IP between hemagglutinin (HA)-KRTAP2-1 and Flag-K34, as well as between HA-KRTAP2-1 and Flag-K86. The cell lysate was
precipitated with anti-Flag agarose beads (a, b). (c) Co-IP between HA-KRTAP2-1 and Flag-K10, as well as between HA-KRTAP2-1 and Flag-K86. (d) Co-IP
between HA-KRTAP2-1 and K71. (e) Co-IP between HA-KRTAP2-1 and endogenously expressed b-actin. The cell lysate was precipitated with anti-HA agarose
beads (c–e). Note that KRTAP2-1 showed affinity for the hair keratins (K85 (a), K34 (b), and K86 (b, c)). By contrast, it did not bind to the epithelial keratins (K10
(c) and K71 (d)) or b-actin (e). WB, western blot.
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KRTAP2-1 protein did not show any affinity for the epithelial
keratins (K10: Figure 3c; K71: Figure 3d) or b-actin (Figure 3e)
under the present experimental conditions. When taken
together, all of our data suggest that the KRTAP2 proteins
preferentially bind to hair but not to epithelial keratins or
other intermediate filament components. Therefore, using a
series of truncated K86 proteins, we performed co-IP (Figure
4a) and GST pull-down (Figure 4b) assays in an attempt to
determine which of the domains in the hair keratins were
responsible for the affinity to the KRTAP2 protein. Our results
clearly demonstrated that the head domain of the K86
protein was crucial for its binding to the KRTAP2-1 protein
(Figures 4a, b). In general, the head domain of hair keratins
has been shown to have a higher sulfur content as compared
with the epithelial keratins (Rogers et al., 2006; Moll et al.,
2008). Thus, it can be predicted that disulfide bonds
tend to be formed between the KRTAP2-1 and the head
domain of K86, which may contribute to the formation of a
rigid hair shaft. Whether the same phenomenon actually
occurs in vivo will need to be clarified in the future. In
addition, extensive analyses that investigate whether or not
the other KRTAP family members also show similar
functional characteristics to KRTAP2 will also need to be
performed.
Our present results provide important information that
may lead to a better understanding of the evolution of
the human KRTAP genes, in addition to clarifying the
crucial roles that KRTAPs may have in the hair shaft
keratinization in humans. Moreover, our determination of
the function of the KRTAPs may be of translational value
and contribute to the establishment of new therapeutic
tools that can be used for various hair disorders and in
cosmetic medicine.
MATERIALS AND METHODS
Source of DNA
After obtaining written, informed consent from unrelated healthy
control individuals (100 Japanese and 50 Caucasian) and members
of two different Japanese families, we collected peripheral blood
samples in tubes with EDTA. The study protocol was approved by
the Ethics Committee of Nigata University School of Medicine and
adhered to the principles of the Declaration of Helsinki. Isolation of
the genomic DNA from the samples was performed in accordance
with standard techniques.
PCR amplification of the KRTAP2 genes
Using the genomic DNAs of Japanese and Caucasian individuals as
templates, four KRTAP2 genes (KRTAP2-1, KRTAP2-2, KRTAP2-3,
and KRTAP2-4) were amplified by PCR. The primer pairs used are
shown in Supplementary Table S1 online. Because of significantly
high homology of the 50-noncoding sequences between the four
KRTAP2 genes, we used a common forward primer for the PCR
amplification, whereas the reverse primers were specific for each
gene (Supplementary Table S1 online). PCR was performed using
Platinum PCR Supermix (Invitrogen, Carlsbad, CA). The amplifica-
tion conditions were 95 1C for 2minutes, followed by 30 cycles of
95 1C for 30 seconds, 60 1C for 30 seconds, and 72 1C for 1minute,
with a final extension at 72 1C for 7minutes. The amplified PCR
fragments were analyzed on 6% polyacrylamide gels. After gel
extraction of the fragments, direct fluorescent chain-termination
DNA cycle sequencing was performed by using the ABI Prism Big
Dye Terminator Cycle Sequencing Ready Reaction Kit (PE Applied
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Figure 4. Involvement of the head domain of K86 in the binding to hair keratin–associated protein (KRTAP)2-1. (a) Co-immunoprecipitation (co-IP) between
hemagglutinin (HA)-KRTAP2-1 and Flag-tagged truncated K86 proteins. The cell lysate was precipitated with anti-Flag agarose beads. Among the three truncated
K86 proteins, only the one with the head domain (Flag-K86-H&R (head and rod)) was co-precipitated with HA-KRTAP2-1. Full-length K86 (Flag-K86-F) was used
as a positive control. Amino-acid residues for each domain of K86 are shown on the top panel. (b) Results of glutathione S-transferase (GST) pull-down assays.
GST fusion proteins for truncated K86 and HA-KRTAP2-1 proteins were overexpressed in competent cells and human embryonic kidney (HEK)293T cells,
respectively. These were then used for the pull-down assays with the Glutathione Sepharose beads. Only the GST fusion protein for the head domain of K86
(GST-K86-H) showed affinity to HA-KRTAP2-1. WB, western blot.
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Biosystems, Foster City, CA). Sequences were then analyzed
by an ABI Prism 3100 Automated Sequencer (PE Applied
Biosystems).
Reverse transcriptase–PCR
After collecting 10 freshly plucked anagen HFs from one of the
Japanese subjects (J1), total RNA was isolated using the RNeasy
Minikit (Qiagen, Valencia, CA) in accordance with the manufac-
turer’s guidelines. To ensure removal of any contaminating genomic
DNA, RNA was digested for 30minutes with RNase-free DNase I
(Takara Bio, Tokyo, Japan), followed by reverse transcription using
oligo-dT primers and the SuperScript III reverse transcriptase
(Invitrogen). Using the first-strand cDNA as templates, cDNAs of
the KRTAP2 genes were then PCR-amplified. The primers and
amplification conditions were the same as those used for the PCR of
genomic DNA (Supplementary Table S1 online). The PCR products
were run on 6% polyacrylamide gels.
Generation of expression vectors
Using genomic DNA of a healthy Japanese individual as a template,
the full-length coding sequence of the KRTAP2-1 gene was PCR-
amplified using the gene-specific primers (Supplementary Table S2
online). The PCR products were then subcloned into the pCXN2.1
(Niwa et al., 1991; Noguchi et al., 2003), pCMV-Tag2 (Agilent
Technologies, Santa Clara, CA), or pGEX-5X-3 (GE Healthcare,
Piscataway, NJ) vectors.
Using the first-strand cDNA from plucked human hairs as
templates, the full-length coding sequences of KRT85, KRT86,
KRT34, KRT10, and KRT71 genes were amplified by PCR using
primers specific for each gene (Supplementary Table S2 online). The
PCR products of the KRT85 and KRT71 genes were subcloned into
the pCXN2.1 vector, and the products of the KRT86, KRT34, and
KRT10 were subcloned in-frame into the pCMV-Tag2 vector
(Supplementary Table S2 online). Using the pCMV-Tag2-K86 vector
as a template, partial coding sequences of the K86 proteins were
PCR-amplified (Supplementary Table S2 online) and then subcloned
in-frame into either the pCMV-Tag2 or the pGEX-5X-3.
Transient transfection of the KRTAP2-1 construct and WBs
HEK293T cells were cultured in DMEM (Invitrogen) supplemented
with 10% fetal bovine serum (Invitrogen), 100 IU/ml penicillin, and
100mg/ml streptomycin. The cells were plated in 35-mm dishes the
day before transfection. In line with the manufacturer’s instructions,
2mg of expression vector for N-terminal HA-tagged KRTAP2-1 (HA-
KRTAP2-1) was transfected with Lipofectamine 2000 (Invitrogen).
Cells were harvested 24 hours after the transfection and homo-
genized by sonication in homogenization buffer (25mM HEPES–-
NaOH (pH 7.4), 10mM MgCl2, 250mM sucrose, and 1X Complete
Mini Protease Inhibitor Cocktail (Sigma-Aldrich, St Louis, MO)).
After the cell debris was removed by centrifugation at 800g for
10minutes at 4 1C, the supernatant was collected as cell lysates. The
samples were separated on 4–12% NuPAGE gels (Invitrogen) under
either nonreducing or reducing conditions. In the nonreducing
condition, the samples were mixed with 4 LDS sample buffer
(Invitrogen), and directly loaded into the gel. In the reducing
condition, the samples were mixed with 4 LDS sample buffer and
10 reducing agent (Invitrogen), incubated for 10minutes at 75 1C,
and then loaded into the gel. WBs were performed according to a
previously described method (Shimomura et al., 2010). The primary
antibodies used were rat monoclonal anti-HA 3F10 (diluted 1:2,000;
Roche Applied Science, Indianapolis, IN) and rabbit polyclonal anti-
b-actin (diluted 1:3,000; Sigma-Aldrich).
WBs and indirect immunofluorescence with an anti-KRTAP2
antibody
Proteins from hair shafts collected from a Japanese control subject
were extracted in lysis buffer (100mM Tris-HCl (pH 7.5), 50mM DTT,
8M urea, 2% SDS, and 30% b-mercaptoethanol). The sample was
mixed with Laemmli sample buffer (Bio-Rad Laboratories, Hercules,
CA) and separated by 12% SDS-PAGE. The lysate of the HEK293T
cells overexpressing HA-KRTAP2-1 protein was used as a positive
control. WBs, as well as indirect immunofluorescence on fresh
frozen sections of individually dissected human HFs, were performed
according to a previously described method (Shimomura et al., 2010).
The primary antibody used was goat polyclonal anti-KRTAP2 (P-12;
diluted 1:400 in WBs and 1:50 in indirect immunofluorescence,
respectively; Santa Cruz Biotechnology, Santa Cruz, CA).
Co-IP assays
Expression vectors (1 mg each) were transfected into HEK293T cells
as described above. Cells were harvested 24 hours after the
transfection and homogenized in lysis buffer (20mM Tris-HCl (pH
7.5), 137mM NaCl, 10% glycerol, 2mM EDTA, 0.5% Triton X, and
1 Protease Inhibitor Cocktail (Sigma-Aldrich)). Total cell lysates
were collected by centrifugation at 15,000g for 15minutes at 4 1C.
Co-IP assays with either mouse monoclonal anti-Flag agarose gel
(Sigma-Aldrich) or mouse monoclonal anti-HA agarose gel (Sigma-
Aldrich), 12% SDS-PAGE, and WBs were performed according to a
previously described method (Shimomura et al., 2010). The primary
antibodies used in the WBs were mouse monoclonal anti-Flag M2
(diluted 1:1,000; Sigma-Aldrich), rat monoclonal anti-HA 3F10
(diluted 1:2,000; Roche Applied Science), and rabbit polyclonal
anti-b-actin (diluted 1:3,000; Sigma-Aldrich). Guinea pig polyclonal
antibodies against K85 (diluted 1:3,000) and K71 (diluted 1:5,000)
were also used to detect the respective keratins (kindly provided by
Dr Lutz Langbein of the German Cancer Research Center).
GST pull-down assays
Expression of GST-fusion proteins from the pGEX-5X-3 vectors was
induced in DH10B (Invitrogen) by the addition of 1.0mM isopropyl-
b-D-thiogalactopyranoside at 37 1C for 3 hours, and the proteins
were then isolated from the bacterial lysates using Glutathione
Sepharose beads (GE Healthcare). HA-KRTAP2-1 was overexpressed
in the HEK293T cells, and the cell lysate was collected. GST pull-
down assays were performed according to a previously described
method (Shimomura et al., 2003). The precipitated proteins were
analyzed by 12% SDS-PAGE and WBs using rat monoclonal anti-HA
3F10 (diluted 1:2,000) and goat polyclonal anti-GST (diluted
1:5,000; GE Healthcare).
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